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(57) ABSTRACT 
In a method to generate magnetic resonance (MR) images of 
an examination subject, MR signals are detected simulta 
neously with multiple coils, each coil having its own coil 
characteristic. In the detection of the MR signals, raw data 
space is incompletely filled with MR signals; with raw data 
space being undersampled in a central raw data region with a 
coherent acquisition pattern that is composed of a spatially 
repeating set of raw data points; and raw data space outside of 
the central raw data region is sampled with an incoherent 
acquisition pattern. The MR image is reconstructed from the 
detected MR signals, step-by-step in an iterative reconstruc 
tion procedure using a reconstruction matrix A, starting from 
an initial estimate; wherein the reconstruction matrix has 
continuing information about the coil characteristics with 
which the MR signals were detected. 

12 Claims, 6 Drawing Sheets 
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SAMPLING PATTERN FOR TERATIVE 
MAGNETC RESONANCE IMAGE 

RECONSTRUCTION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention concerns a method to create mag 

netic resonance (MR) images of an examination Subject, and 
a magnetic resonance system designed to implement Such a 
method. 

2. Description of the Prior Art 
In MR imaging, parallel imaging methods and iterative 

reconstruction methods have developed into valuable and 
promising methods. It is normally a goal to reconstruct opti 
mally "good MR images from undersampled data, i.e. to 
optimally acquire the complete image information without 
having to completely sample the associated raw data space 
(k-space). This can be done in order to achieve a measurement 
time that is shortened in comparison to the time that would be 
necessary to completely scan raw data space, or in order to 
achieve an optimally high spatial resolution within a prede 
termined measurement time. The selection of the sampling 
pattern, i.e. how the raw data space is filled with data entries 
that correspond to the acquired (detected) MR signals, is 
important. 

Coherent sampling patterns (in which each Nth line in the 
raw data space is acquired, with N>1, for example) are typical 
in methods from parallel imaging. Those sampling patterns in 
raw data space that are composed of a spatially repeating set 
of raw data points, or from spatially repeating Subsamples, or 
subsets of points, are considered as coherent. A method with 
the name Caipirinha is likewise known in which a three 
dimensional raw data space is acquired with mutually offset 
patterns that have proven to be generally advantageous with 
regard to the image reconstruction or with regard to the 
deconvolution of the data. 

In iterative reconstruction methods, sampling patterns with 
variable density, and in particular incoherent sampling pat 
terns, are normally used. In these incoherent sampling pat 
terns, no Subset is to be found that has more than one point 
from which the acquired complete sampling pattern can be 
created by rotation and translation. A sampling with Such a 
sampling pattern leads to incoherent artifacts that can like 
wise be well Suppressed by means of Suitable regularization 
within the scope of iterative reconstruction methods. In this 
context, a continuously incoherent pattern or a completely 
acquired central raw data region is typically employed, which 
limits the possibilities for undersampling. 

SUMMARY OF THE INVENTION 

An object of the present invention is to sample MR raw data 
space such that MR images with the desired spatial resolution 
and good signal-to-noise ratio can be acquired in an optimally 
short acquisition time period, and wherein artifacts occurring 
due to the undersampling are optimally avoided. 

According to a first aspect of the invention, a method is 
provided to generate MR images of an examination Subject. 
In a first step of this method, MR signals of the examination 
Subject are detected simultaneously with multiple coils, each 
coil having its own coil characteristic. As a result of the 
detection of the MR signals, raw data space is incompletely 
filled with MR signals, and the raw data space has a central 
raw data region with a coherent acquisition pattern, and this 
central raw data region is undersampled with the coherent 
acquisition pattern. An acquisition pattern is coherent in the 
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2 
sense of the present invention when it is composed of a 
spatially repeating set of raw data points. Outside of this 
central raw data region, the raw data space is sampled with an 
incoherent acquisition pattern, i.e. with a pattern that is not 
composed of spatially repeating Sub-patterns or Subsets of 
raw data points. Thus the region of raw data space outside of 
the central raw data region is now sampled with an incoherent 
acquisition pattern. In a further step of the method, the MR 
image is reconstructed with the use of the detected MR sig 
nals, with the MR images being reconstructed step-by-step 
with an iterative reconstruction method using a reconstruc 
tion matrix A, starting from an initial estimate. The recon 
struction matrix A includes the information about the coil 
characteristics, such as the Fourier coefficients and informa 
tion regarding the selected Sampling (a projection matrix, for 
example) with which the MR signals are detected. Through 
the incorporation of the coil characteristics into the iterative 
reconstruction methods and through the coherently under 
sampled central region of the raw data space and the incoher 
ent sampling of the region outside of the central raw data 
space, the advantages of parallel imaging and the iterative 
reconstruction methods are combined particularly well. A 
coherently undersampled middle region that includes infor 
mation about larger areas and structures can be deconvoluted 
very well, while the incoherent sampling in the outer region of 
the raw data space that includes the information with regard to 
Smaller structures and edges proves to be advantageous for 
the Suppression of radio-frequency artifact portions. 
The density of the raw data points in the central raw data 

region is preferably essentially constant. The sampling den 
sity of the raw data points in the region outside of the central 
raw data region can be constant, but can also be chosen to be 
non-constant in the region outside of the central raw data 
region (i.e. in the outer raw data region); for example, the 
sampling density in this outer raw data region can decrease 
with increasing distance from the raw data space center (i.e. 
k-space center). 
The acquired raw data space can be a 2D raw data space or 

a three-dimensional raw data space. For example, in both 
cases each Nth line of the raw data space in the central raw 
data region can be acquired, while the interval of adjacent 
lines with MR signals continuously increases in the region 
outside of the central raw data region. A coherent acquisition 
pattern in the central raw data region and an incoherent pat 
tern in the outer k-space region are hereby achieved. 

For example, in the acquisition of a three-dimensional raw 
data space, parallel lines that lie on a Cartesian grid can be 
acquired in the central raw data region, wherein only every 
Nth line is acquired in one spatial direction. It is likewise 
possible, in the central raw data region, for every Nth line to 
also be acquired in a second spatial direction of the central 
raw data region. 
The undersampling in both directions does not need to have 

the same factor, meaning that M does not necessarily corre 
spond to N. 
A regularization or penalty term can be used in the iterative 

reconstruction method, for example. This regularization or 
penalty term has the information about the coil characteristics 
that are used to detect the MR signals. In iterative methods, 
missing MR data can be supplemented with prior knowledge 
about the image to be expected. This prior knowledge enters 
into the optimization through what are known as regulariza 
tion terms or penalty terms. This means that, in this embodi 
ment, information that specifically refers to the acquired MR 
data enters into the iteration by the use of the coil character 
istics, for example in the form of what are known as coil 
sensitivity data or coil sensitivity maps. In this context it is 
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possible to acquire the information about the coil character 
istics from MR data of the central raw data region. The infor 
mation about coil sensitivities can be determined in a satis 
factory manner from the raw data of the central raw data 
region. This coil sensitivity information, or the coil charac 
teristics, can also be acquired separately, i.e. before or after 
the actual MR measurement to generate the MR image. 

Furthermore, it is possible to acquire (scan) multiple data 
sets of a 2-dimensional raw data space or a 3-dimensional raw 
data space by, in the case of temporally Successive data sets, 
the raw data space is scanned so that complementary raw data 
points are acquired, meaning that different raw data points are 
essentially acquired in temporally successive data sets. The 
sampling pattern of the raw data space of Successive data sets 
in the raw data region can be formed by shifting, mirroring 
and/or rotation so that complementary raw data points are 
acquired. It is also possible to use raw data points from other, 
temporally adjacent data sets to reconstruct one of the data 
sets. This method is known as “view sharing. 

For example, one possible application of the method 
according to the invention is in the generation of MR images 
of a vascular structure, i.e. as angiography images. The 
method is not limited to the generation of MR angiography 
images, however, and is also applicable in other MR acquisi 
tion methods. Furthermore, it is possible for the image recon 
struction to be implemented on the basis of subtracted MR 
images. In MR images, a majority of the examination region 
is typically a region with very low signal ratios (for example 
as in angiography images), whereas the vessels have high 
signal ratios. Given subtracted MR images, the number of 
image points with high signal ratio is spatially limited to a few 
image points; most image points have a very low signal inten 
sity. The method is particularly Suitable in contrast agent 
enhanced MRangiography, meaning that the MR signals are 
implemented sic during or after the administration of a 
contrast agent. 
The invention furthermore concerns an MR system to cre 

ate MR images that has a sequence controller which is 
designed to detect MR signals of the multiple coils as has 
been explained in detail above. Furthermore, an image com 
puter is provided to reconstruct the MR image with the aid of 
the detected MR signals, wherein the image computer is 
designed to reconstruct the MR with the interactive recon 
struction method described above under consideration of the 
coil characteristics. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 schematically shows an MR system with which the 
MR images can be created using parallel imaging technology 
and iterative reconstruction methods. 

FIG.2 shows various sampling patterns with coherent Sam 
pling of a central raw data region and incoherent sampling of 
the outer raw data region upon acquisition of a slice. 

FIG. 3 shows various sampling patterns for 3-dimension 
sampling of the raw data space with coherent sampling of the 
central raw data region and incoherent sampling of the outer 
raw data region. 

FIG. 4 shows various sampling patterns for 3-dimension 
acquisition of a raw data space with coherent sampling of the 
central raw data region and incoherent sampling of the outer 
raw data region. 

FIGS. 5 and 6 illustrate the connection between the MR 
image and acquired measurement data. 
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4 
FIG. 7 is a flowchart showing the basic steps in the iterative 

reconstruction. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

An MR system 10 with which MR images of an examina 
tion Subject 11 that is arranged on a bed 12 can be acquired is 
schematically shown in FIG.1. The basic magnetization that 
is generated by a magnet 13 is spatially coded and deflected 
by Switching magnetic field gradients and RF pulses, with the 
resulting MR signals are detected with multiple MR signal 
coils 14a through 14c that are arranged around the examina 
tion Subject 11. For a clearer representation, only the signal 
lines emanating from the individual reception coils are 
labeled with 14a through 14c. Depending on the selected 
imaging sequence, a sequence controller 15 controls the 
Switching of the magnetic field gradients, the RF pulses and 
the signal readout and establishes the order of the gradient 
Switching, the radiation of the RF pulses and the signal read 
out. The sequence controller 15 controls an RF control unit 16 
that in turn in responsible for the control of the radiated 
radio-frequency pulses. A gradient controller 17 is respon 
sible for the switching of the magnetic field gradients that are 
predetermined by the sequence controller 15. An image com 
puter 18 calculates an MR image from the MR signals 
detected by the coils 14a through 14c, wherein in the present 
case the MR images are reconstructed with iterative recon 
struction methods, as is explained below in detail. The MR 
images generated by the image computer 18 can be displayed 
at a display 19. An operator can control the MR system 10 via 
an input unit 20. How MR signals can be detected via the 
sequence of magnetic field gradients and radiation of RF 
pulses is known to the man skilled in the art and is not 
explained here in detail. 

Various examples of how a raw data space or k-space is 
filled with raw data (i.e., data entries are made, called "scan 
ning k-space) are shown in FIG. 2. The sampling patterns 
shown in FIG. 2 are 2-dimension sampling patterns to create 
an MR image of a slice from the examination subject. The raw 
data spaces 40, 50 and 60 presented in FIG. 2 respectively 
have a central raw data region 41, 51 or, respectively, 61 that 
has approximately 1-10% of the total raw data points. In the 
shown raw data space the readout direction takes place along 
the y-axis. As is apparent from the raw data spaces 40-60, the 
central raw data region is sampled incompletely but coher 
ently with constant density; in the shown example only every 
second k-space line is acquired. The outer raw data region 
(i.e. the region outside of the central raw data region) is 
sampled incoherently. In the left example, the outer raw data 
region 42 is sampled with incoherent sampling pattern with 
continuously decreasing density, meaning that the interval to 
the next k-space line becomes larger with increasing distance 
from the k-space center. In the middle raw data set 50 the 
outer raw data region 52 is irregularly acquired with out 
wardly decreasing density, and in the example to the right the 
outer k-space region 62 is sampled irregularly with equally 
distributed density. 

Various examples of three-dimensional sampling patterns 
are shown in FIG. 3, wherein a three-dimensional raw data 
space is acquired with a readout direction into the plane of the 
drawing or, respectively, out of the plane of the drawing, a 
phase coding direction in the y-direction and an additional 
phase coding direction or, respectively, partitioning direction 
in the direction of the X-axis. The acquired raw data points lie 
on a Cartesian coordinate system, wherein the signal readout 
takes place along parallel lines perpendicular to the plane of 
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the drawing. In the raw data space 70 shown to the left, the 
central raw data region 72 is in turn sampled coherently; here 
the undersampling is tripled, meaning that only every third 
line in the phase coding direction is read out. Outside of this 
the sampling pattern is incoherent with equally distributed 
density in all three raw data spaces 70-90. This means that the 
outer raw data regions 72.82 and 92 are incoherently sampled 
with identically distributed density. The central raw data 
region 81 is likewise coherently sampled with an undersam 
pling with a factor of 3x2 (i.e. with a factor of 7 in the phase 
coding direction, with a factor of 2 in the partitioning direc 
tion) since only ever second point in the direction of the Z-axis 
is read out in the direction of the X-axis. The central raw data 
region 91 is likewise undersampled with a factor of 3x2 like 
region 81, wherein only the individual lines in the phase 
coding direction are shifted counter to one another. 

Additional examples of 3-dimension raw data spaces 100 
120 are shown in FIG. 4. The inner central raw data regions 
101, 111 and 121 are again coherently sampled, wherein the 
patterns in the regions 101, 111 and 121 correspond to the 
samples in the regions 71, 81 or, respectively, 91. In contrast 
to the examples of FIG.3, the outer raw data regions 102,112. 
122 outside of the central raw data region are acquired with 
density that outwardly decreases. 
The central raw data region can have an arbitrary shape 

around the k-space center; however, the region is advanta 
geously circular, quadratic, elliptical or rectangular. 
The sampling patterns presented in FIGS. 2-4 that were 

acquired with the multiple coils with the use of the parallel 
imaging technique are reconstructed with an iterative recon 
struction method. 

Given the use of multiple coils for signal acquisition in the 
parallel imaging technique, MR signals are simultaneously 
detected with various reception coils, wherein an undersam 
pling of the raw data space takes place. The image reconstruc 
tion takes place using the information of (for example) M 
coils in combination with the spatial information that is pro 
vided by the coil position. This information is stored in coil 
sensitivity maps that are calculated individually for each coil, 
for example via acquisition of reference lines. These refer 
ence lines can be acquired before or after the actual imaging. 
Given a 2-dimension acquisition for an image of NN 
image points, a full raw data sampling means the acquisition 
of Nimage points, wherein Nimage points are sampled per 
line. To shorten the acquisition time, a low number of lines 
can be acquired. 
The general formula of the image reconstruction is 

y=Ax, (1) 

wherein the acquired raw data (i.e. MR signals) are y, the 
sought MR image is X and the matrix A contains the Fourier 
coefficients. The image x is obtained via inverse Fourier 
transformation. 

In parallel imaging methods and the spatial information 
that is thereby additionally obtained, the above Equation (1) 
is modified via addition of a projection matrix P and the coil 
characteristic C to the reconstruction matrix A. 
The method described in the following is only one possi 

bility of the iterative parallel MR imaging. 
The image reconstruction is formulated as a linear system: 

y=Ax (2) 

The transformation from the raw data set into the image 
space and vice versa is schematically depicted in FIGS. 5 and 
6. C means the multiplication with the coil sensitivity data; C* 
is the complexly conjugated operation. 
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6 
Direct methods to solve this equation system are known 

(for example what is known as the SENSE method), wherein 
the matrix A is inverted with the pseudo-inverse matrix: 

x=(AHA). Af. (3) 

Given iterative reconstruction methods, a mostly under 
sampled raw data space is calculated step by step starting 
from an initial estimate. 

In each iteration step, the currently calculated image is 
multiplied with the reconstruction matrix A that, in addition 
to the Fourier coefficients, also includes the coil profiles. The 
current erroris Subsequently calculated and minimized with 
the aid of optimization methods. This results in a new esti 
mate. A final image results after multiple iterations. This 
means that, instead of a direct inversion, a minimization prob 
lem of the following form is solved: 

(4) minAx-y. 
X 

Among other things, the steps shown in FIG. 7 are hereby 
implemented. 
An exemplary iterative method includes the following 

steps. 
By incorporating the coil information, the difference of the 

current intermediate state from the measured raw data is 
calculated. By minimizing this difference, a new intermediate 
result X results. 

In detail, the steps are as follows: 
After the start of the method in Step S1, in a step S2A'AX. 

is calculated, wherein H is the hermetic matrix. In a further 
step S3, A'y is calculated, and the minimization of the dif 
ference from Step S2 and S3 subsequently results in a step S4. 
Resulting from this in Step S5 is a value x that can be used 
for the subsequent iteration. In Step S6 a check is made as to 
whether the minimization has been achieved. For example, 
the minimization can be interrupted after a maximum number 
of iteration steps, or when the iteratively calculated MR 
image has a satisfactory quality. If this is not the case, the 
iteration is repeated in a next step. The method ends in Step 
S7. 
An information about the image acquisition can addition 

ally be used in the calculation, which information enters into 
the calculation as regularization or, respectively, penalty 
terms: 

minly-Axl + |G(s)|). (5) 

The latter term of the addition is what is known as the 
regularization or, respectively, penalty term. The coil infor 
mation is included in A; G(x) includes additional regulariza 
tions such as (for example) total variation or terms that take 
into account anatomical information from adjacent slices. 
How strongly the penalty term is weighted can be specified 
with the parameter W. 

Particularly in MR angiography images, the method 
described above leads to very good results. Given acquisition 
of multiple slices, these slices can be acquired successively or 
in an interleaved manner, and the acquisition pattern can be 
modified or permuted across the slices. The known view 
sharing algorithm can thus be used, wherein data of other 
temporally adjacent data sets are also used to reconstruction a 
data set. 
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Although modifications and changes may be suggested by 
those skilled in the art, it is the intention of the inventor to 
embody within the patent warranted hereon all changes and 
modifications as reasonably and properly come within the 
scope of his contribution to the art. 
We claim as our invention: 
1. A method to generate magnetic resonance (MR) images 

of an examination Subject, comprising: 
operating a magnetic resonance data acquisition unit to 

excite nuclear spins in an examination Subject and to 
detect MR signals simultaneously with multiple coils 
that occur as a result of the excitation, each of said 
multiple coils having an individual coil characteristic; 

entering data representing said MR signals into a memory 
representing a raw data space having a central raw data 
region and a further region outside of said central raw 
data region, by incompletely filling said raw data space 
with said signals representing said MR signals and 
undersampling said central raw data region with a coher 
ent acquisition pattern comprised of a spatially repeating 
set of raw data points, and sampling said further region 
with an incoherent acquisition pattern; and 

in a processor, reconstructing an MR image from the data 
in said raw data space using a step-by-step iterative 
reconstruction algorithm with a reconstruction matrix 
starting from an initial estimate, said reconstruction 
matrix comprising information describing the respective 
individual coil characteristics of said multiple coils. 

2. A method as claimed in claim 1 comprising scanning 
said central raw data region to maintain a density of the raw 
data points therein Substantially constant. 

3. A method as claimed in claim 1 wherein said raw data 
space comprises a plurality of lines, and wherein each Nth 
line of said raw data space in said central raw data region is 
acquired with Na2, and with an interval of adjacent lines 
continuously increasing in said further region. 

4. A method as claimed in claim 1 wherein said raw data 
space is 3-dimensional and comprises parallel lines on a 
Cartesian grid, and entering said data representing said MR 
signals in every Nth line in one spatial direction, with Na2. 

5. A method as claimed in claim 4 comprising entering said 
data representing said MR signals in every Mth line in a 
second spatial direction in said central raw data region. 

6. A method as claimed in claim 1 comprising employing a 
penalty term containing said information describing said 
individual coil characteristics, in said iterative reconstruction 
algorithm. 
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7. A method as claimed in claim 6 comprising obtaining 

said information describing said coil characteristics from said 
central raw data region. 

8. A method as claimed in claim 1 comprising acquiring 
multiple data sets of said MR signals in a sequence and, in 
temporally Successive data sets in said sequence, entering 
said data representing said MR signals into said raw data 
space to cause different raw data points in said raw data space 
to be filled in temporally successive raw data sets. 

9. A method as claimed in claim 8 comprising generating 
said Successive data sets in said central raw data region by at 
least one procedure selected from the group consisting of 
displacement, mirroring, and rotation. 

10. A method as claimed in claim 1 comprising recon 
structing said MR image using Subtraction MR images. 

11. A method as claimed in claim 1 comprising employing 
an algorithm for said image reconstruction that shows blood 
vessels in said MR image. 

12. A magnetic resonance apparatus comprising: 
a magnetic resonance data acquisition unit comprising 

multiple reception coils, each of said multiple coils hav 
ing an individual coil characteristic; 

a control unit configured to operate said magnetic reso 
nance data acquisition unit to excite nuclear spins in an 
examination Subject and to detect MR signals, simulta 
neously with said multiple coils, that occur as a result of 
the excitation; 

said control unit being configured to enter data represent 
ing said MR signals into a memory representing a raw 
data space having a central raw data region and a further 
region outside of said central raw data region, by incom 
pletely filling said raw data space with said signal rep 
resenting said MR signals and undersampling said cen 
tral raw data region with a coherent acquisition pattern 
comprised of a spatially repeating set of raw data points, 
and sampling said further region with an incoherent 
acquisition pattern; and 

a processor configured to reconstruct an MR image from 
the data in said raw data space using a step-by-step 
iterative reconstruction algorithm with a reconstruction 
matrix starting from an initial estimate, said reconstruc 
tion matrix comprising information describing the 
respective individual coil characteristics of said multiple 
coils. 


